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ABSTRACT
c-2 herpes viruses, which include Kaposi’s sarcoma-associated herpes virus, are an important subfamily
of herpes virus because of their oncogenic potential. Herpes virus saimiri (HVS) is the prototype c-2
herpes virus and is a useful model to study the basic mechanisms of lytic replication in this subfamily.
Like all herpes viruses, HVS has two distinct life cycles, latent persistence and lytic replication. Analysis
of herpes virus genomes has demonstrated that, in contrast to cellular genes, most virus genes that are
expressed lytically do not have introns. Herpes viruses replicate in the nucleus of the host cell, and
therefore require that the viral intron-lacking mRNAs are exported from the nucleus to allow virus
mRNA translation. This review focuses upon the role of HVS ORF 57, a post-transcriptional regulatory
protein, which is conserved in all herpes viruses. HVS ORF 57 is a multifunctional protein involved in
both trans-activation and trans-repression of target mRNAs. The major role of the ORF 57 protein in
mediating viral mRNA export is considered, and the ORF 57–host cell interactions that are required for
this function are discussed.
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INTRODUCTION
Herpes viruses are large double-stranded DNA
viruses that are disseminated in a wide variety of
organisms, including both vertebrates and inver-
tebrates. More than 130 herpes viruses have been
identiﬁed to date, and these are classiﬁed into
three subgroups, a-, b- and c-herpesvirinae, based
upon their genome sequence and biological char-
acteristics. The c subfamily includes several
important human and animal pathogens, many
of which have been studied extensively because
of their association with transformation and
oncogenesis. Unlike the other subfamilies, mem-
bers of the c-herpesvirinae are limited to the
family or species to which the natural host
belongs. In vitro, all members replicate in lym-
phoblastic cells, and may cause lytic infections in
some types of epithelial and ﬁbroblastic cells.
However, viruses in this group tend usually to be
speciﬁc for either T or B lymphocytes. These
viruses usually establish a life-long latent infec-
tion in their host, with intermittent periods of lytic
replication leading to the production of infectious
virus. The subfamily contains two genera,
lymphocryptovirus or c-1 herpes viruses, typiﬁed
by Epstein Barr virus (EBV), and rhadinovirus or
c-2 herpes viruses, typiﬁed by herpes virus
saimiri (HVS) and Kaposi’s sarcoma-associated
herpes virus (KSHV).
c-2 herpes viruses have rapidly become the
focus of intensive research following identiﬁcation
of the ﬁrst human c-2 herpes virus, Kaposi’s
sarcoma-associated herpes virus (KSHV or human
herpes virus 8). KSHV is the most recently
identiﬁed human tumour virus [1]. Epidemiolog-
ical studies suggest that it is the aetiological agent
of Kaposi’s sarcoma (KS). KS is a complex lesion
characterised by endothelial proliferation, neoan-
giogenesis and inﬂammatory cell inﬁltration [2].
However, there is still some uncertainty regarding
the nature of the proliferating cells, and whether
the lesions represent an exuberant hyperplasia or
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a neoplasm. KS occurs in four well-deﬁned
clinical settings: classical, endemic, AIDS-associ-
ated and transplant-related. Widespread infection
with human immunodeﬁciency virus (HIV) has
resulted in KS becoming an epidemic disease,
and a key concern is the major epidemic of KS in
Africa. KS is now the most common adult tumour
in parts of Africa. Furthermore, childhood KS is
becoming more common and, unlike the adult
form, childhood KS is extremely aggressive and
rapidly fatal [2]. The presence of KSHV has also
been associated with a variety of lymphoprolif-
erative disorders, including primary effusion
lymphoma and multicentric Castleman’s disease
[1]. Sequence analysis indicates that KSHV has
signiﬁcant homology with other herpes viruses
with oncogenic potential, including murine c-
herpes virus 68 (MHV-68) and the prototype c-2
herpes virus, HVS [1,3,4]. However, at present,
analysis of KSHV lytic gene function is hampered
by the lack of a fully permissive tissue culture
system. Therefore, the ability to easily grow and
manipulate the prototype c-2 herpes virus, HVS,
in vitro has made this virus an attractive model
for the analysis of c-2 herpes virus lytic gene
functions in general.
Like all herpes viruses, c-2 herpes viruses have
two distinct forms of infection, latent persistence
and lytic replication. Although latent persistence
of the viral genome has been implicated in
tumourigenesis, lytic replication also plays an
important role in the pathogenesis and spread of
c-2 herpes virus infection [5]. In particular, the
presence of active replication and increased viral
load in peripheral blood predicts a pathogenic
outcome of the infection, leading to increased risk
of progression and severity of disease. Moreover,
lytic gene expression contributes to the develop-
ment of disease through the expression of growth
modulatory and immune evasion genes. There-
fore, it is essential to study the molecular mech-
anisms of reactivation and the control of lytic
gene expression for a better understanding of c-2
herpes virus pathogenesis.
Gene expression during lytic replication is
regulated sequentially and occurs in three main
temporal phases: immediate-early (IE), delayed-
early (DE) and late [6]. IE genes do not require
cellular protein synthesis and usually encode
transcriptional activating proteins. The DE genes
encode proteins involved in viral DNA replica-
tion and metabolism, and their expression is
regulated by the IE genes. The late genes encode
the structural proteins which are necessary for
virion assembly, maturation and egress.
Analysis of herpes virus genomes has high-
lighted the fact that, in contrast to cellular genes,
most lytically expressed genes lack introns. Her-
pes viruses replicate in the nucleus of the host
cell, and therefore require that their viral intron-
lacking mRNAs be exported from the nucleus to
allow efﬁcient viral mRNA translation. An
intriguing question concerns the mechanism by
which the viral intron-less mRNAs are exported
from the nucleus without undergoing splicing. To
circumvent this problem, and to facilitate viral
mRNA export, herpes viruses of all subfamilies
encode a conserved IE phosphoprotein which has
a role in viral post-transcriptional mechanisms. In
c-2 herpes viruses, this protein is encoded by
open reading frame (ORF) 57. This review con-
siders the current understanding of the prototype
c-2 herpes virus ORF 57 protein function, and
discusses how this multidomain, multifunctional
protein facilitates the preferential export of viral
mRNA in the host cell so that viral replication can
be effected.
HVS ORF 57 AND ITS HOMOLOGUES
ARE MULTIDOMAIN AND
MULTIFUNCTIONAL PROTEINS
The HVS ORF 57 encodes an IE multifunction
protein which is conserved in all herpes viruses.
These include the EBV transactivator, encoded by
Mta, ICP27 of herpes simplex virus (HSV-1),
BICP27 in bovine herpes virus 1, ORF 4 encoded
by varicella-zoster virus, and UL69 in human
cytomegalovirus. ORF 57 is comprised of several
domains, which are functionally conserved be-
tween viral homologues (Fig. 1). The amino-ter-
minus of ORF 57 contains an RNA-binding
region, a nuclear localisation signal (NLS) and a
leucine-rich nuclear export signal (NES), which is
essential for nucleo-cytoplasmic shuttling [6–9].
The carboxy-terminus includes a zinc ﬁnger-like
domain and a hydrophobic GLFF consensus
sequence, both of which are involved in the
regulation of gene expression [8]. ORF 57 also
contains numerous putative phosphorylation
motifs, including several potential casein-kinase-2
phosphorylation sites. Therefore, phosphorylation
is probably an important step in the regulation of
the many functions of ORF 57.
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Although this review focuses on HVS ORF 57,
many of the properties discussed have also been
observed in its homologues, particularly the more
widely studied HSV-1 ICP27 and EBV Mta pro-
teins, the functions of which have been the focus
of recent reviews [10–12].
REPRESSION OF INTRON-
CONTAINING PRE-mRNAS
Early studies of HVS ORF 57 demonstrated that it
was capable of transactivating target genes, and
could also function as a transcriptional repressor
protein. Insertion of the SV40 small t-antigen
intron at a location 3¢ to the chloramphenicol
acetyl transferase or b-galactosidase coding se-
quences lowered expression of these reporter
genes signiﬁcantly in the presence of ORF 57,
compared with the levels of enzyme activity from
constructs which did not contain introns [6,7].
This suggests that ORF 57 repressor activity is
associated with the presence of an intron in the
target gene coding region. Similar results have
been observed with ICP27 [13] and EBV Mta 14.
The ORF 57 repressor function is believed to be
an important regulatory step within the context of
controlling the HVS lytic replication cycle.
Themajor transcriptional control protein encod-
ed by HVS is ORF 50a. This gene contains an
intron, and its expression is repressed by ORF 57
late in infection [6]. The interaction between ORF
50a and ORF 57 is believed to modulate and
control the HVS lytic replication cycle. Data
suggest that ORF 57 brings about trans-repression
of target genes by disrupting the native splicing
machinery of the host cell, thereby selecting
negatively against spliced mRNAs. Moreover, this
disruption of pre-mRNA splicing during herpes
virus infections may have global effects on cellular
gene expression and host-cell shut-off [15,16].
Cooper et al. [17] reported that the splicing factors
U2 and SC-35 are redistributed to large nuclear
aggregates during HVS infection, and that ectopic
expression of ORF 57 alone was sufﬁcient to
recapitulate this phenotype (Fig. 2), a function
that requires a zinc ﬁnger-like domain within the
ORF 57 carboxy terminus [8].
ORF57 IS A NUCLEO-CYTOPLASMIC
SHUTTLING PROTEIN THAT
EXPORTS VIRAL mRNA
ORF 57-mediated transactivation is achieved via a
post-translational mechanism, as expression of
ORF 57 has no effect on the mRNA levels of target
viral genes [7]. Further investigation of ORF 57
by north-western analysis showed that it was
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Fig. 1. Schematic representation of the multidomain herpes virus saimiri (HVS) ORF 57 protein. The nuclear localisation
signal (NLS) domains are required for interaction with importin-a to allow nuclear import. The leucine-rich nuclear export
signal (NES) is needed for nucleo-cytoplasmic shuttling of ORF 57, as demonstrated by heterokaryon assays. Both the zinc
ﬁnger-like domain and the GLFF motif are required for transactivation of viral genes; however, only the zinc ﬁnger-like
region is essential for trans-repression. The precise role of CK2 phosphorylation in HVS ORF 57 is unknown but probably
has a role in gene activation.
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Fig. 2. Herpes virus saimiri (HVS) ORF 57 redistributes
spliceosome factors into nuclear aggregates. COS-7 cells
transfected with wild type ORF 57 (panels i + ii) or a C-
terminal deletion mutant (panels iii + iv). Cells were dual-
labelled with anti-ORF 57 monoclonal antibody (MAb) SB
and anti-SC-35 MAb. This demonstrates that ORF 57
redistributes splicing factors into distinct aggregates, and
that the C-terminus is required for this redistribution.
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capable of binding to viral mRNA, and that
ectopic expression of ORF 57 leads to the prefer-
ential export of intron-less viral mRNA tran-
scripts into the cytoplasm [7]. This suggests that
ORF 57 plays a pivotal role in mediating the
nuclear export of viral transcripts by acting as a
nucleo-cytoplasmic shuttling protein in a fashion
similar to HSV-1 ICP27 [18–21]. In order to
conﬁrm this hypothesis, Goodwin et al. [9] per-
formed interspecies heterokaryon assays with
mouse 3T3 and COS-7 monkey cell lines (Fig. 3).
COS-7 cells were transfected with ORF 57 and
then fused to mouse 3T3 cells using polyethylene
glycol. Differential staining of the nuclei using
Hoechst dye showed clearly that ORF 57 was able
to shuttle from the nuclei of COS-7 cells to the
nuclei of the mouse 3T3 cells (Fig. 3).
Nucleo-cytoplasmic protein shuttling into and
out of the nucleus is mediated by soluble trans-
port receptors. These receptors can bind to viral
proteins, and also interact with nuclear pore
proteins, which subsequently allow translocation
of the receptor cargo through the nuclear pore
complex (NPC) [22]. Deletion and mutational
analysis has demonstrated that ORF 57 contains
an arginine-rich nuclear localisation signal (NLS).
This serves as a recognition site for the NLS
receptor, importin a [23]. Once ORF 57 has
associated with importin a, it forms a heterodi-
meric complex with importin b, which functions
as a transport adapter molecule binding to the
nuclear pore complex via a direct interaction with
speciﬁc nucleoporins. Once in the nucleus, bind-
ing of Ran-GTP to importin b causes dissociation
of the import complex [23].
In order for ORF 57 to exit the nucleus, thereby
mediating nuclear export of viral mRNAs, it must
also interact with a soluble exit transport receptor.
CRM-1 (chromosomal region maintenance 1) or
exportin 1, a protein that shares homology with
members of the importin nuclear transport path-
way, has been identiﬁed as a nuclear export
receptor for viral proteins. Such proteins, inclu-
ding HIV-1 Rev, encode a leucine-rich nuclear
export signal required for CRM-1-mediated nuc-
lear export [24,25]. Furthermore, CRM-1 has been
shown to interact with nuclear pore complex
proteins, namely the nucleoporins CAN ⁄Nup214
and Nup88, suggesting that CRM-1 is the
bridging protein for the interactions between
NES-containing proteins and the nuclear pore
complex. Sequence analysis has shown that
ORF 57 encodes a putative leucine-rich-like NES,
suggesting that ORF 57 utilises CRM-1 for nuclear
export. In support of this theory, the leucine-rich
NES is essential for efﬁcient export of ORF 57 [9].
However, an interaction between ORF 57 and
CRM-1 has never been identiﬁed, and it has been
shown that shuttling of ORF 57 is not sensitive to
the CRM-1 inhibitor, leptomycin B [26]. This
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Fig. 3. ORF 57 is a nucleo-cytoplasmic shuttle protein. Monkey COS-7 cells were transfected transiently with 2 lg of
pORF57. After 18 h, mouse 3T3 cells were plated on to the COS-7 cells in medium containing cycloheximide 50 mg ⁄L.
After 4 h, the cells were washed in phosphate-buffered saline (PBS) and fused by the addition of 2 mL polyethylene glycol
50% w ⁄w in PBS. After washing, the cells were returned to medium containing cycloheximide 50 mg ⁄L for 60 min. The
cells were then incubated with an anti-ORF 57 antibody and co-stained with Hoechst dye 0.5 mg ⁄L. Monkey cells stained
diffusely throughout the nuclei, whereas mouse nuclei stained with a distinctive speckled pattern. The ORF 57 antibody
staining demonstrates that the ORF 57 protein can shuttle from the monkey nuclei into the cytoplasm of the heterokaryon,
and then into the mouse nuclei.
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suggests that, although export of some viral
mRNAs mediated by ORF 57 may require the
CRM-1 pathway, probably a larger proportion of
viral mRNA export can be mediated by a CRM-1
independent pathway.
ORF 57–HOST CELL INTERACTIONS
REQUIRED FOR VIRAL mRNA
EXPORT
Recent advances have demonstrated that the
processes of cellular transcription, pre-mRNA
splicing, capping and polyadenylation are cou-
pled to mRNA export. Transcription by RNA
polymerase II is linked to mRNA export via the
TREX complex [27] and splicing via the exon
junction complex (EJC) [28]. During cellular splic-
ing, mRNA export factors are recruited to the
mRNAs approx. 20 bases upstream from the site
of exon ligation. These export factors include REF,
Y14, Magoh, RNPS1, SRm160, UPF3B and eI-
F4AIII, and are termed the exon-junction complex
(EJC) [28–33]. The EJC acts as a binding site for
the mRNA export factor, TAP, and its heterodi-
mer, p15 [34]. The TAP ⁄p15 heterodimer provides
the connection between the mRNA and the
nuclear pore, thereby allowing efﬁcient nuclear
export of the spliced mRNAs.
Recent analysis has demonstrated that HVS
ORF 57 [26] and its homologues, HSV-1 ICP27
and EBV Mta, interact with the EJC protein, REF
[35–37]. Initial studies demonstrated that ICP27
binds to REF directly and forms a ternary com-
plex with TAP, and that these interactions pro-
mote the export of viral mRNA in Xenopus oocytes
[36]. Analysis in mammalian cells has also dem-
onstrated that ORF 57 interacts with REF and two
other components of the EJC, i.e., Y14 and Magoh
[26]. Furthermore, the association of ORF 57 with
the EJC components stimulates recruitment of the
nuclear export factor, TAP. Moroever, HVS infec-
tion triggers the relocalisation of REF and TAP
from the nuclear speckles to several large clumps
within the cell.
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Fig. 4. ORF 57 recruits a minimal exon-junction complex (EJC) and the TAP nuclear export factor to export viral mRNA.
ORF 57 associates with viral intron-less mRNA, then recruits a minimal EJC comprising the proteins REF, magoh and Y14.
REF then recruits the nuclear export factor, TAP and p15. This complex then docks at the nuclear-pore complex (NPC) and
translocates into the cytoplasm. Viral mRNA is then translated efﬁciently and the export factors are recycled into the
nucleus.
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To determine whether the ORF 57–REF–TAP
interaction is required for ORF 57-mediated
mRNA nuclear export and HVS lytic replication,
a dominant negative form of TAP and RNA
interference to deplete TAP were utilised. Results
demonstrated that disruption of TAP reduces
ORF 57-mediated viral mRNA export and viral
replication [26]. These data indicate that HVS
utilises ORF 57 to recruit components of the exon-
junction complex and, subsequently, TAP to
promote viral mRNA export via the cellular
TAP-mediated mRNA export pathway (Fig. 4).
CONCLUSIONS
Herpesviridae appear to modify the cellular gene
expression pathway to suit their needs during
infection. HVS ORF 57 is a plurifunctional, multi-
domain protein that is essential for viral replica-
tion, and is composed of several essential
domains that are functionally conserved between
all herpes viruses. HVS ORF 57 can function as
both a post-transcriptional activator and as a
repressor protein. It appears to have a major role
in orchestrating the successful export of intron-
less viral mRNA from the nucleus to the cyto-
plasm to enhance its translation. At the same time,
it also acts to inhibit cellular mRNA export,
probably by reorganising the cell’s splicing
machinery, and possibly by sequestering key
mRNA processing and export proteins.
Although many insights have been gained into
the function of this conserved herpes virus pro-
tein, many questions still remain to be addressed.
For example, what is the mechanism by which
ORF 57 recognises and associates with the viral
intron-less mRNAs. It has not yet been deter-
mined whether ORF 57 recognises a speciﬁc cis-
responsive sequence, or whether it associates to a
structural element with the viral mRNA. In
addition, immunoﬂuorescence studies have dem-
onstrated that ORF 57 can redistribute cellular
splicing, import and export factors to distinct
nuclear aggregations (Fig. 5). It will be interesting
to determine whether viral transcription occurs
within or around these structures, and whether
they represent specialised viral gene expression
machines dedicated to transcription, processing
57 MergeREF
TAP-GFP 57 Merge
Fig. 5. ORF 57 co-localises with protein REF and the nuclear export factor TAP in the nucleus. COS-7 cells were transfected
with pORF 57 in the presence of (i) pREF-myc or (ii) TAP-GFP. ORF 57 was detected using an anti-ORF 57 monoclonal
clonal antiserum and (i) anti-mouse FITC-labelled secondary antibody or (ii) anti-mouse Texas Red conjugate. REF-myc
was detected using a primary antibody speciﬁc for myc, followed by a TRITC-labelled secondary antibody. TAP-GFP was
visualised directly using ﬂuorescence microscopy.
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and export of viral mRNAs at the expense of
cellular mRNAs.
Finally, the c-2 herpes virus family includes
several important human and animal pathogens.
It will therefore be of interest to determine
whether the protein–protein or RNA–protein
interactions of this essential conserved protein
could be utilised as a target for novel antiviral
therapies for the treatment of this important
subfamily of herpes viruses.
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